Introduction

17
Sesquiterpene lactones are anti-feedants and phytoalexins produced by lettuce (Lactuca 18 sativa L.). Selective breeding against the bitter taste imparted by them has reduced 19 presence of these compounds in domesticated lettuce cultivars dramatically (Wink, 1988) . 20
Many modern varieties do still contain perceivable quantities of sesquiterpene lactones and 21 this is particularly relevant with a move away from iceberg-type head-lettuce to bagged 22 lettuce which contain fewer high yielding, sweet cultivars and more red-leaved varieties, 23 which typically contain much higher concentrations of the bitter compounds (Price et al., 24 1990 ). The perceived bitterness is enough to reduce palatability and consumption in a 25 westernised diet, where fruit and vegetables are already under-consumed (Casagrande et  26 al., 2007; Rogers and Pryer, 2012) . It is widely believed that this bitterness can be 27 counteracted by sweetness (Bartoshuk, 1975; Keast and Breslin, 2003) ; an improvement in 28 flavour is therefore likely to be a consequence of manipulating both factors. Although 29 sensory perception of individual sugars (Pangborn, 1963) Here we assess the interaction between sweet and bitter components within the natural 34 food matrix of lettuce and additionally compare perception data to consumer liking. 35
Lettuce is a suitable crop in which to pursue flavour improvement as it is widely eaten 36 across Europe and North America. Lettuce also contains a range of beneficial secondary 37 plant metabolites including, phenolics, ascorbate, α-tocopherol, lignans, as well as SLs 38 receptor (Brockhoff et al., 2007) . Within the population it is common to categorise 59 individual as "bitter sensitive" or "bitter blind", where 25% of the population are "bitter 60 blind" , however this categorisation is due to polymorphisms of the Tas2R38 gene (Menella 61 et al., 2010). The receptor T2R38 is a specialist receptor binding to thiouracil groups (as 62 samples presented to them one at a time in a balanced design for liking on a 9 point hedonic 108 category scale (anchored from dislike extremely to like extremely), then for perception of 109 sweetness and bitterness using labelled magnitude scales (where semantic descriptors from 110 weak to strongest imaginable are positioned on a logarithmic scale, and scored 0 to 1.97). 111
Participants were asked to taste each sample three times, once for liking, then sweetness 112 and again for bitterness. Finally perception of aftertaste intensity was rated on a 5 point 113 category scale (anchored from no after taste to very strong) after a 10 second wait period. 114
Participants were also asked to give any additional comments on the samples. Once the 115 assessment of one lettuce line was completed, participants were given the next sample 116 after a 30 second rest period. Participants were given water and plain water crackers 117 (Carr's, United Biscuits, UK) to cleanse their palate during this rest period. See 118 supplementary data for a transcript of the questions exactly as posed. After the test 119 participants were given an exit questionnaire asking for further information on age, gender, 120 frequency with which they consume lettuce, and also the regularity of their consumption of 121 bitter foods in their diet, based on a list of 12 common bitter foods (white cabbage, green 122 cabbage, red cabbage, cauliflower, kale, brussels sprouts, watercress, rocket, radish, coffee, 123 tonic water, and broccoli). Finally they were phenotypically tested for bitter blindness using 124 PTC (Phenylthiocarbamide) strips. Bitter blindness occurs in around 25% of people as the 125 result of an inactive hTAS2R38 receptor and, while it is not directly responsible for detection 126 of SLs, it is a widely accepted indicator of bitter taste acuity. 127
Chemical analysis 128
Sesquiterpene lactones and some polyphenols in the main population of 102 Chromatography Technologies, UK). Running conditions were as according to Table S1 with 142 a flow rate of 0.5ml/min; 50µl injection and UV response measured at 264nm, 280nm, 143 320nm, and 365nm, 520nm. Sugars were assessed by hexokinase (Roche; 1500units/ml diluted 1:30 in HEPES buffer) 149 directed phosphorylation of glucose, leading to reduction of NAD+ to NADH whereupon a 150 change in absorbance at 340nm proportional to sugar content can be measured. Sucrose 151 was converted to glucose by hydrolysis of sucrose by invertase (Sigma; 355 units/ml diluted 152 1:150 in HEPES buffer) and fructose-6-phosphate converted to glucose-6-phosphate by 153 phosphoglucose isomerase (Roche; 2mg/ml diluted 1:10 in HEPES buffer). 154
Statistical Analysis 155
In order to determine whether there were significant differences in consumer perception 156 and liking between the RILs, response data were normalised and assessed for variance by 157
Kruskal-Wallis with Dunn's procedure. Correlation statistics assessed by Spearman's rank 158 were completed using Prism 6 (GraphPad Software, Inc., La Jolla, USA). Significant 159 differences were determined at 95% confidence intervals (P<0.05). An internal preference 
Results
165
Sample Selection 166
Lines within the mapping population were selected for extreme values in concentrations of 167 sugars, total SLs, and for specific SLs according to previously reported bitterness ratios. This 168 was done to maximise qualitative data from a small number of samples, hence while others 169 were selected for overall profile, RILs 41 and 122 were selected on account of having 170 particularly high concentrations of lactucin-15-oxalate, which was reasoned to be the most 171 bitter individual SL based on correlation data in previous research by Price et al. (1990) . 172
Absolute concentration of each assessed compound is given in Table S2 , along with the 173 rationale for the RIL's selection. 174
Demographic factors 175
Regularity of lettuce consumption was ascertained by individual recall. There was no 176 significant link to perception of bitterness, nor to liking of certain samples. Of the 177 participants only a single participant reported never eating lettuce, while 19 responded with 178 'more than once per week' which was the highest category on our scale. There was no 179 trend for participants who regularly consumed lettuce to prefer bitter or sweeter 180 genotypes, nor did this show any influence on bitter perception; however, the study size 181
was not large enough to conclude whether preference for bitter or sweet genotypes 182 influences frequency of lettuce purchase or consumption. was correlated with bitter perception, suggesting that this is the compound which most 236 strongly drives the bitter taste in our lettuce population. The sample perceived to be least 237 bitter compared to the others was RIL 61 (P<0.0001), consistent with it having the lowest 238 concentrations of most SLs, including 8-deoxylactucin-15-sulphate, and the least total SL 239 content. The low SL content also means that there would be less suppression of sweet 240 taste, hence the higher than anticipated sweetness perception for this line even though it 241 had low sugars (which can mask bitterness) ( Figure 2E) . 242
Consumer Liking 243
Spearman correlation was conducted to relate liking to perception of each of the 3 sensory 244 attributes. Sweetness was seen as the main positive influence on liking (r=0.40, P<0.0001; 245 Figure 4A ), whereas perceived bitterness gave a strong negative correlation (r-0.56, 246 P<0.0001; Figure 4B ). Consumers' perceptions accurately matched the chemical analysis, 247 once both bitter and sweet compounds were considered together, and have highlighted the 248 differences between compounds in terms of their contribution to overall taste perception. the primary factor appears to be glucose content, which accounts for the majority of lettuce 315 sugar content, despite fructose being the sweetest of the sugars present. It has been 316 reported that fructose is detected as 173% as sweet as sucrose on a pro rata basis and 317 glucose is considered the least strong tasting with a relative sweetness 74% that of sucrose 318 (Pangborn, 1963) . The correlation between sugar concentrations and perceived sweetness 319 was less strong than that of SL concentrations and perceived bitterness. It is important to 320 consider the availability of compounds to taste receptors as a result of the natural food 321 matrix, which is not currently known for lettuce, and may vary with physiological 322 composition of the samples. Other interactions such as the effect of acidity on 323 complementing sweetness may also play a part as it does in tomato fruit (Baldwin et It is important to consider the relative quantities, as well as simple detection thresholds, in 329 determining the net flavour profile of a food. RIL 61, which contained the second lowest 330 total sugars (only 40.6% that of RIL 19, the highest total sugars) and the lowest total SLs 331 (6.1% that of RIL 94) was consistently rated as one of the sweetest varieties and was rated 332 the most sweet overall. The most likely explanation is that there is a lower suppression 333 effect of bitter SLs on the sweetness of the sugars, leading to an increased perception of the 334 sugars present. In contrast, RIL 122, which had high concentrations of many SLs, was 335 perceived as less bitter than may be predicted on account of low content of 8-336 deoxylactucin-15-sulphate which the SL most strongly correlated to bitterness. Price (1990) 337 and van Beek (1990) did not assess the conjugated form of this compounds but this is in 338 dissent with their findings, which implicate lactucopirin as the most bitter SL backbone, but 339 is in keeping with their conclusion that conjugated forms of SLs are more bitter than those 340 which are not. 341
Taste perception is known to deteriorate with age, especially with regards to bitterness 342 perception due to its natural association with harmful toxins which are a presumed as a 343 greater hazard to children (Mennella et al., 2010 ), but we lacked the sample size and range 344 of ages to look into this further. We were also unable to determine gender differences 345 though there is some indication that women are more likely to be 'supertasters' and 346 therefore have increased taste and flavour perception on a population level (Bartoshuk et 347 al., 1994; Doty et al., 1985) . We also looked at how regular consumption of bitter foods 348 affects bitterness perception, with regards to sensitisation due to frequent exposure to 349 bitter flavours, or a tolerance factor for the same reasons. We found that there was no 350 significant change in either direction; however, there was a trend toward people who 351 infrequently ate lettuce to prefer sweeter lettuce, possibly accounting for their lack of 352 consumption. This subgroup remains an important target group for marketing novel, 353 sweeter varieties. Some breeding to this end has already taken place resulting in the 354 commercially available Little Gem and O' So Sweet varieties which are small and sweet 355 romaine type lettuces. Bitter blindness to PTC had no effect on perception of bitter SLs. It is 356 known that the receptor involved in detection of sesquiterpene lactones is separate to that 357 which detects glucosinolates and which can cause 'bitter blindness' in 25% of people in 358 response to glucosinolate-derived compounds. The receptor known as hTAS2R46 has been 359 reported to be responsible for detection of SL compounds and other bitter substances, such 360 as clerodane and labdane diterpenoids, strychnine, and denatonium (Brockhoff et al., 2007) . 361 Kim et al. (2005) found that there are inactive polymorphisms of the HTAS2R46 receptor, 362 which would result in bitterness insensitivity in around 24% of the general population; 363 however, inability to detect sesquiterpene lactones has not been reported. 364
This study supports our hypothesis that consumers are capable of detecting the sweet and 365 the bitter compounds in lettuce, as well as our hypothesis that most consumers have a 366 preference for sweeter and less bitter genotypes. Our data suggest that the bitter and 367 sweet components act to counterbalance each other and that ratios of key compounds are 368 Tables (supplementary)  499   Table S1 . Buffer conditions and gradient for HPLC used for SL Analysis 500 501 Table S2 . Concentration of sugars and SLs present in selected lines. Values given in 502 µg/g dry weight. SLs were analysed by HPLC and confirmed by MS. RILs were selected for 503 extremes in concentrations of the compounds listed from within the whole population of 96 504 lines. Table A gives the mean values, Table B gives the raw values, mean values, and 505 standard error of mean (n=4 biologically distinct samples). Quantity of sesquiterpene 506 lactones in lettuce RILs was relative to the wild parent L. serriola UC96US23, which was 507 given a value of 100 in each case. Values were determined from total peak area. Sugars 508 were analysed by high throughput plate assay as described in the methods. 509 by consumers (r=0.1817 P=0.0007) and were each less bitter than their oxalates (E and F). 532
Lactucin-15-oxalate (r=0.1986 P=0.0002) was less bitter than lactucopicrin-15-533 oxalate(r=0.226 P<0.0001) as was expected. 15-p-hydroxylphenylacetyllactucin-8-sulphate 534
was not significantly correlated to bitterness in our samples. 535 
